Ceramidase (CDase) catalyzes the hydrolysis of ceramide (Cer) to sphingosine (Sph) and fatty acid. We have reported the molecular cloning and preliminary characterization of the Mycobacterium CDase (MtCDase) (J. Biol. Chem., 274, 36616-36622 (1999)). To determine its function further, MtCDase was expressed in Escherichia coli and purified by Ni-Sepharose and gelfiltration. The purified recombinant enzyme showed a single band and a molecular weight estimated to be 71 kDa on SDS-PAGE. It had a pH optimum at 8.0-9.0 and quite broad specificity for various Cers. Of the Cers of different fatty acid moieties tested, those composed of C6-C24 fatty acids were well hydrolyzed, and Cers with mono unsaturated fatty acids were much more hydrolyzed than those with saturated fatty acids. Using N-dodecanoyl-7-nitrobenz-2-oxa-1,3-4-diazole (NBD)-D-erythro-sphingosine (C12-NBD-Cer) as substrates, the reaction followed normal MichaelisMenten kinetics. The apparent Km and Vmax values for C12-NBD-Cer were 98.7 M and 21.1 pmol/min respectively. The purified enzyme also catalyzed the synthesis of Cer in vitro, using NBD-labeled dodecanoic acid and Sph as substrates.
CDases have been cloned from bacteria, 6) slime mold, 7) rice, 8) Drosophila, 9) zebrafish, 10) rats, 11) mice, 12) and humans. 13, 14) Accumulating evidence suggests that neutral CDases are important in several biological events. The Drosophila neutral CDase is important to the functions of photoreceptors 15) and a lack of its activity is embryonic lethal. 16) Knockdown of the zebrafish neutral CDase causes a defect in blood-cell circulation during embryogenesis. 10) Furthermore, neutral CDaseknockout mice did not show obvious abnormalities, but were impaired in the intestinal degradation of Cer. 17) Recently, we found that both neutral CDase of P. aeruginosa (PaCDase) and hemolytic phospholipase C (PlcH) were induced to express by membrane lipids such as sphingomyelin (SM) , and that the hemolytic activity caused by PlcH was enhanced by PaCDase. 18) These results indicate that eukaryotic neutral CDase regulates the intracellular level of Cer/Sph/Sph-1-phosphate, and that PaCDase functions as an exotoxin or activator of exotoxin.
Very recently, we succeeded in resolving the crystal structure of PaCDase at a resolution of 1.4 Å . 19) The CDase consisted of two domains, a novel N-terminal catalytic domain and a C-terminal immunoglobulin-like domain. The crystal structure and site-directed mutagenesis revealed that the enzymatic reaction was preceded by a zinc-dependent mechanism, similar to a zinc-dependent carboxypeptidase. Moreover, homology modeling of neutral CDases of different species revealed that not only the primary structure but also the threedimensional structure and reaction mechanisms of these enzymes are shared from bacteria to mammals.
Here we report the overexpression, purification, and biochemical characterization of a neutral CDase from M. tuberculosis, the pathogen causing tuberculosis.
Materials and Methods
Materials. D-erythro-Sph, sodium taurodeoxycholate, and Triton X-100 were purchased from Sigma (St. Louis, MO). C12-NBD-Cer was prepared by a method reported previously. 20) N-Dodecanoyl-NBD-D-erythro-dihydroSph (C12-NBD-dihydroCer) and N-dodecanoyl-NBD-phytoSph (C12-NBD-phytoCer) were from Matreya (Pleasant Gap, PA). Cers with different alkyl chains were from Avanti Polar Lipids. (Alabaster, AL). Precoated Silica Gel 60 TLC plate was from Merck (Darmstadt, Germany). o-Phthalaldehyde (OPA) and Lubrol PX were from Nacalai Tesque (Kyoto, Japan). All other reagents were of the highest purity available.
Construction of the expression plasmid vector for MtCDase. A fulllength Mycobacterium CDase was amplified by PCR using pTMT4 as a template 6) and the following two primers: MtCD-U-BamHI (5 0 -CAGGATCCATGCTTAGTGTAGGGCGCGGCATC-3 0 ) and MtCD-L-XhoI (5 0 -CCCTCGAGAACAACCGTGAACTCGCGCGTCGT-3 0 ). These primers contained a BamHI site (underlined) and an XhoI site (double underlined) respectively. The amplified product was digested y To whom correspondence should be addressed. Tel: +81-92-642-2900; Fax: +81-92-642-2907; E-mail: nokino@agr.kyushu-u.ac.jp Abbreviations: CDase, ceramidase; Cer, ceramide; HPLC, high performance liquid chromatography; MtCDase, CDase of Mycobacterium tuberculosis; NBD, 4-nitrobenzo-2-oxa-1,3-diazole; OPA, o-phthalaldehyde; PaCDase, CDase of Pseudomonas aeruginosa; PLC, phospholipase C; PlcH, hemolytic phospholipase C; SM, sphingomyelin; SMase, sphingomyelinase; Sph, sphingosine with BamHI and XhoI and inserted into the corresponding sites of pET23b (Novagen, Madison, WI) to generate a C-terminal His6-tagged protein. The recombinant plasmid was designated pETMtCD. To express MtCDase under a cold-shock system, 21) pETMtCD was digested with NdeI and XhoI and the resulting fragment was inserted into NdeI/XhoI-digested pColdI (TAKARA BIO, Shiga, Japan). The plasmid obtained was named pColdMtCD.
Expression and purification of MtCDase. E. coli strain BL21(DE3)-pLysS cells were transformed with pETMtCD and grown at 25 C for 24 h with shaking in 200 ml of Luria-Bertani medium supplemented with 100 mg/ml of carbenicillin and 35 mg/ml of chloramphenicol. pColdMtCD was also introduced into E. coli BL21(DE3)pLysS, and the transformants were cultured at 37 C in 200 ml of Luria-Bertani medium containing 100 mg/ml of carbenicillin to A 600 ¼ 0:5. Protein expression was induced by the addition of 0.1 mM isopropyl 1-thio-Dgalactopyranoside for 24 h at 15 C. Then cells were harvested by centrifugation (8;000 Â g for 10 min) and suspended in extraction buffer (20 mM sodium phosphate buffer, pH 7.4, containing 0.1% Lubrol PX). After sonication for 2 min, cell debris was removed by centrifugation (8;000 Â g for 10 min). The supernatant obtained was applied to a Hi-Trap Chelating HP column (GE Healthcare, Buckinghamshire, England), which was chelated with Ni 2þ , and then the column was washed with buffer A (20 mM sodium phosphate buffer, pH 7.4, containing 0.5 M NaCl and 0.1% Lubrol PX) containing 30 mM imidazole. The enzyme was eluted from the column with buffer A, containing 100 mM imidazole. The eluted fractions were pooled and then loaded onto a column of SuperdexÔ 200 10/300 GL (GE Healthcare) equilibrated with 20 mM sodium phosphate buffer, pH 7.4, containing 0.15 M NaCl and 0.1% Lubrol PX at a flow rate of 0.5 ml/min using a BioCAD sprint system (PE Biosystems, Waltham, MA). The purified enzyme was dialyzed against deionized water before use.
Expression and purification of PaCDase. Expression and purification of recombinant PaCDase was carried out as previously described. 19) Briefly, the enzyme was expressed in E. coli BL21(DE3)-pLysS and purified from the cell lysate by Ni-Sepharose FF (GE Healthcare) and SuperdexÔ 200 10/300 GL chromatography.
Protein assay and SDS-PAGE. Total protein was measured using the Bio-Rad protein assay kit using bovine serum albumin as the standard. SDS-PAGE was carried out by the method of Laemmli.
22)
The proteins on the SDS-PAGE gel were visualized by staining with CBB Stain One (Nacalai Tesque).
Assay of CDase. The activity of CDase was measured using C12-NBD-Cer as a substrate, as described below. The reaction mixture contained 1 nmol of C12-NBD-Cer and an appropriate amount of the enzyme in 20 ml of 25 mM sodium phosphate buffer, pH 8.0, containing 0.05% w/v Triton X-100 (for MtCDase) or 25 mM Tris-HCl buffer, pH 8.5, containing 2.5 mM CaCl 2 and 0.25% w/v Triton X-100 (for PaCDase). Following incubation at 37 C for an appropriate time, the reaction was terminated by adding 50 ml of chloroform/methanol (2/1 v/v), mixed, and then centrifuged at 16;000 Â g for 1 min. Five ml of lower phase was applied to a TLC plate, which was developed with chloroform, methanol, and 25% ammonia (14/6/1 v/v/v) as a developing solvent. The C12-NBD-fatty acid released by the action of the enzyme and the remaining C12-NBD-Cer were then analyzed and quantified with a Shimadzu CS-9300 chromatoscanner (Shimadzu, Kyoto, Japan) (excitation, 475 nm; emission, 525 nm). One enzyme unit of CDase was defined as the amount capable of catalyzing the release of 1 mmol of C12-NBD-fatty acid/min from C12-NBD-Cer under the conditions described above. A value of 10 À3 units is expressed as 1 milliunit in this paper.
CDase activity was also measured using natural Cer as substrate. The other components of the reaction mixtures were the same as those described above for C12-NBD-Cer. The reaction was stopped by adding 50 ml of chloroform/methanol (2:1 v/v) containing 1 mM C17-Sph as an internal standard, and centrifuged for 1 min at 16;000 Â g. The amount of Sph released by the action of the enzyme was determined using the OPA reaction and HPLC by the method described by Merrill et al. 23) Briefly, the chloroform phase was dried in a Speed
Vac concentrator. The extract was dissolved in 120 ml of ethanol and incubated at 67 C for 25 min, and then mixed with 15 ml of OPA reaction buffer (9.9 ml of 3% boric acid, pH 10.5, mixed with 0.1 ml of ethanol containing 10 mg of OPA and 20 ml of -mercaptoethanol). After incubation at room temperature for 5 min, the sample was then applied to an Inertosil ODS-3 column (4:6 Â 100 mm; GL Science), which was equilibrated with methanol and 5 mM potassium phosphate buffer, pH 7.0, (9/1 v/v). Sph bases were eluted from the column at a flow rate of 1.5 ml/min using a HITACHI L-7110 HPLC system and detected with a HITACHI L-1050 fluorescence detector (excitation at 340 nm and emission at 455 nm).
Results and Discussion
Overexpression and purification of MtCDase In order to determine the biochemical properties of MtCDase, we first established an overexpression system for large-scale production. The full-length Mycobacterium CDase gene was inserted into pET23b and pColdI, and the plasmids obtained were named pETMtCD and pColdMtCD respectively. pETMtCD and pColdMtCD were then introduced into E. coli BL21(DE3)pLysS, and protein expression was performed by the method described under ''Materials and Methods.'' To evaluate the expression of the enzyme, CDase activity was performed using C12-NBD-Cer as a substrate. The level of production of the enzyme with the pColdMtCD vector (about 7.0 U/100 ml of culture) was almost twice as high as that with pETMtCD (about 3.5 U/100 ml of culture) (data not shown). Hence we selected pColdMtCD for production of the enzyme, and purified the enzyme from the soluble fraction using HiTrap Chelating and Superdex 200 columns, as described under ''Materials and Methods.'' The final preparation of the enzyme gave a single band of protein corresponding to a molecular mass of 71 kDa on SDS-PAGE after staining with Coomassie Brilliant Blue (Fig. 1A) . This value agreed well with the molecular weight deduced from the nucleotide sequence. In a typical experiment, 2.1 mg of purified MtCDase, which showed a single band on SDS-PAGE (Fig. 1A, lane 4) , was obtained from 1 liter of culture. Recent studies using several cloned CDases indicate that CDase catalyzes not only the hydrolysis but also the synthesis of Cer (reverse reaction) from Sph and fatty acid. Hence we evaluated to determine whether the recombinant MtCDase would catalyze Cer synthesis using C12-NBDfatty acid and Sph as substrates. As shown in Fig. 1B , when C12-NBD-Cer was used as substrate, C12-NBDfatty acid was generated by the hydrolytic reaction with the enzyme (Fig. 1B, lane 1) . On the other hand, C12-NBD-Cer was found to be synthesized when Sph was incubated with C12-NBD fatty acid in the presence of the enzyme (Fig. 1B, lane 3) . The condensation reaction appears to be due to the action of the enzyme, since boiling of the enzyme at 100 C for 10 min completely abolished the reaction (Fig. 1B, lane 4) .
General properties of MtCDase
The pH-dependency of MtCDase was examined using GTA buffer and various further buffers at different pHs. When C12-NBD-Cer was used as substrate, the CDase activity of the purified MtCDase was found to be maximum at pH 8.0-9.0 under both conditions, indicating that the protein is a neutral CDase (Fig. 2A, B) . This is entirely consistent with our previous observation obtained with crude enzyme.
6) The apparent enzyme activity decreased in Tris-HCl buffer, suggesting that amino group of tris-(hydroxymethyl) aminomethane interacts with PaCDase. Based on these results, phosphate buffer, pH 8.0, was used in the CDase assay. Enzymatic activity was enhanced by the addition of detergents such as Triton X-100 and sodium taurodeoxycholate. The optimum concentrations of detergents differed markedly with the detergents used. For Triton X-100 and sodium taurodeoxycholate, the optimum concentrations were found to be 0.05 and 1.0% respectively. They increased the enzymatic activity about 2-fold in comparison with that in the absence of a detergent (Fig. 2C) . The difference in the optimal concentrations of two detergents on enzyme activity may stem from the difference in the critical micelle concentrations (cmc) of these detergents. The cmc of sodium taurodeoxycholate is much higher than that of Trion X-100. 24) Moreover, less than 0.5% sodium taurodeoxycholate and more than 0.5% Triton X-100 had an inhibitory effect. Sodium cholate strongly inhibited activity at concentrations from 0.025 to 2%. Based on these findings, a small amount of Triton X-100 (0.05%) was included to solubilize the substrates.
The effects of various cations on MtCDase were examined using C12-NBD-Cer, comparing it with PaCDase. Among the cations tested, all divalent cations showed inhibitory effects on MtCDase at 5 mM. For example, more than 90% of activity was inhibited by inhibited 50-80% of activity (Fig. 3A) . In contrast to PaCDase, MtCDase was activated by EDTA and EGTA, indicating that small amounts of divalent cations included in the enzyme preparation might have been removed by the reagents. The cation-dependency of MtCDase is similar to that of eukaryotic neutral CDases, because only PaCDase was inhibited by EDTA and by EGTA among the neutral CDases reported to date. To study the kinetics of hydrolysis, activity was measured using various amounts of C12-NBD-Cer in a 25 mM phosphate buffer, pH 8.0, containing 0.5% w/v Triton X-100. As can be seen in Fig. 3 , the Lineweaver- A and B, pH-dependence of the purified recombinant MtCDase. CDase activity was determined by the method described under ''Materials and Methods.'' A, 150 mM GTA buffer (50 mM 3,3-dimethylglutaric acid, 50 mM Tris (hydroxymethyl) aminomethane, and 50 mM 2-amino-2-methyl-1,3-propanediol) at the indicated pH levels was used. B, , acetate buffer, pH 4.0-6.0; , phosphate buffer, pH 6.0-7.5; , Tris-HCl buffer, pH 7.5-9.0; , glycineNaOH buffer, pH 9.0-10.5. C, Effects of detergents. CDase activity was measured as described under ''Materials and Methods,'' except that each reaction mixture contained various detergents at the concentrations indicated in C.
, Triton X-100; , sodium taurodeoxycholate; , sodium cholate.
Burk plot of the data was linear and followed normal Michaelis-Menten kinetics (Fig. 3B and C) . The apparent Km and the Vmax were estimated to be 98.7 mM and 21.1 pmol/min respectively. The Km value for C12-NBD-Cer is much higher than that of neutral CDases, such as that from Mus musculus, 25) D. discoideum, 7) and O. sativa, 8) whose Km values are 22.3, 38.8, and 39.3 mM respectively, although it is very close to that of PaCDase (111 mM).
26)
Substrate specificity of MtCDase and PaCDase The substrate specificities of MtCDase and PaCDase were examined using various Cers. C12-NBD-Cer (C12:0, d18:1), C12-NBD-dihydroCer (C12:0, d18:0), and C12-NBD-phytoCer (C12:0, t18:0) were examined for specificity toward Sph moieties. As shown in Fig. 4A , the apparent initial reaction velocity of both CDases for Cer containing Sph (d18:1) was found to be much faster than that for Cers containing dihydroSph (d18:0) and phytoSph (t18:0). When the incubation time was increased to 10 h, hydrolysis proceeded with both enzymes, although Cer containing phytoCer was strongly resistant to hydrolysis by PaCDase (Fig. 4B) . Substrate specificity for Sph moieties is basically similar to that of neutral CDases from other sources. Next we evaluated specificity toward fatty acid moieties of Cers. As seen in Fig. 4C , both CDases hydrolyzed various Cers containing various chain lengths of fatty acids (C2-C24). Cers containing monounsaturated fatty acids (C18:1 and C24:1) were hydrolyzed much faster than those containing saturated fatty acids (C18 and C24). This may be due to the lesser solubility of Cers containing saturated fatty acids compared to those containing unsaturated fatty acids. Furthermore, Cers containing C16, C24, C24:1 fatty acids are abundant in the lungs, 27) and both CDases hydrolyzed Cers in the lungs very efficiently. This is consistent with the observation that M. tuberculosis and P. aeruginosa mainly infect the lungs, and partly explains the pathogenicity of these bacteria.
Analysis of the M. tuberculosis genomic sequence revealed that the tubercle bacillus contains four phospholipase (PLC) genes (plcA, plcB, plcC, and plcD), which share significant sequence similarity with PLCs from P. aeruginosa.
28) Raynaud et al. reported that these four genes were all functional in M. tuberculosis, and that PLC activity was detected in the cell envelope but not in the culture medium. 29) Moreover, attenuation of a triple PLC mutant (ÁplcABC) caused reduced growth in the lungs of infected mice, suggesting that PLCs have an important role in infection by M. tuberculosis. Fatty acids provided by host lung tissues might be utilized as an energy source in infection by M. tuberculosis. Since Cers, which is produced from SM by the actions of PLC, are degraded to fatty acids by CDase, MtCDase might provide fatty acids to the pathogens.
Very recently, we determined the crystal structure of PaCDase and proposed a reaction mechanism. 19) A comparison of the amino acid sequence of MtCDase with that of PaCDase revealed that residues composing the active site are completely conserved in MtCDase. Furthermore, a homology model of MtCDase built using the crystal structure of PaCDase as a template suggested that not only the overall structure but also the active site structure resembled that of PaCDase. Despite high structural similarity, we cannot explain the differences in dependency on cations between PaCDase and other neutral CDases. Further analysis of the crystal form of MtCDase should provide useful information about the relationship between structure and cation dependency. 
